. Comparison between IKK␣ and IKK␤ Proteins (KD) denotes the kinase domain, (LZ) the leucine zipper region, and (HLH) the helix-loop-helix domain. The degree of identity between the kinase domain and the structural motifs of the two proteins is depicted.
IL-1 activate NF-B via distinct families of cell-surface receptors (Ré gnier et al., 1997 and references therein; Figure 2 ). However, both pathways utilize members of the TNF receptor-associated factor (TRAF) family of adaptor proteins as signal transducers. The TRAF proteins share homology at their carboxyl terminus domain, but their binding properties and activities differ. For example, whereas TRAF2 participates in the NF-B activation by TNF, TRAF6 is involved in NF-B activation by ent pathways converge at the NF-B-inducing kinase, NIK (Malinin et al., 1997) . NIK has homology to the MAP kinase kinase kinase (MAP3K) family and was first identiAnother line of evidence that both IKK␣ and IKK␤ are involved in TNF and IL-1 signaling pathways comes from fied by its interaction with TRAF2 (Malinin et al., 1997 Mercurio et al., 1997; Woronicz et al., 1997) . However, it should be subunit of the kinase complex found by others to phosphorylate IB␣ on serines S32 and S36. By searching for pointed out that the extent to which the kinase-inactive mutants inhibit NF-B activation differs between stud-IKK␣-related kinases, Woronicz et al. (1997) , 1997; p65 by the IKK␤ mutant, in TNF-treated cells. However, the effect of the IKK␣ mutant in this assay seems to Mercurio et al., 1997; Zandi et al., 1997; Woronicz et al., 1997) , whereas the phosphorylation of IB␤ seems to vary. It is possible that these differences reflect the sensitivity of the assay, or they may indicate a more potent be less efficient (DiDonato et al., 1997) , and takes place mainly at S23 (Ré gnier et al., 1997) . IKK␤-associated effect of IKK␤. However, it appears that both IKK␣ and IKK␤ are essential contributors to the IKK activity. kinase activity seems to be more potent in general (Mercurio et al., 1997; Woronicz et al., 1997) and phos-
The fact that the IKK complex activity is rapidly stimulated by TNF, IL-1, or PMA and the kinetics of activation phorylates S19 and S23 of IB␤ equally well (Woronicz et al., 1997) . In agreement with previous in vivo data, the match those of IB␣ phosphorylation and degradation in intact cells (DiDonato et al., 1997; Mercurio et al., IKK complex has a strong preference for serine residues. Replacing S32 and S36 of IB␣ protein with threonine 1997; Zandi et al., 1997) suggests that IKK is a critical kinase complex in vivo. The mechanism by which the residues significantly decreased the efficiency of phosphorylation (DiDonato et al., 1997; Mercurio et al., 1997) .
complex becomes active in cells is not yet clear. The IKK activity appears sensitive to treatment with the The in vitro results were confirmed by in vivo experiments where the transfection of one of the catalytic subphosphatase PP2A (DiDonato et al., 1997) , suggesting that phosphorylation may control its activity. Coexpresunits of the IKK complex, IKK␣, into a cell line with low endogenous IB kinase activity increased the rate of sion of IKK␣ with NIK seems to lead to the phosphorylation of IKK␣ and to an increase in its associated kinase phosphorylation and degradation of IB␣ (DiDonato et al., 1997).
activity (Ré gnier et al., 1997). However, more evidence is needed to conclude whether NIK is directly phosphorthe cell extracts are prepared, an IB kinase complex, ylating IKK␣. similar to the 700 kDa ubiquitination-inducible one, was IKK␣ and IKK␤ can undergo both homotypic and hetreported to be activated by TNF treatment of the cells, erotypic interactions as indicated by immunoprecipitawith the same kinetics as IKK (Lee et al., 1997) . The tion experiments (Mercurio et al., 1997; Zandi et al., same complex isolated from unstimulated cells could 1997; Woronicz et al., 1997) , and their oligomerization alternatively be activated in vitro by addition of mitogenappears to be mediated by the leucine zipper motif (Woractivated protein kinase/ERK kinase kinase 1 (MEKK1), onicz et al., 1997; Zandi et al., 1997; Table 1 ). Mutational a MAP3K-related kinase of the c-Jun N terminus kinase analyses were employed to further assess the role of (JNK) pathway (Lee et al., 1997 ; Figure 2 ). In cells, overthe motifs present in IKK␣/␤ proteins, as well as a first expression of MEKK1 led to phosphorylation of IB␣ attempt to understand their regulation. The helix-loopat S32/S36 (Lee et al., 1997) . The effect of dominanthelix domain seems to be important for the kinase acnegative MEKK1 mutants on the inhibition of NF-B actitivity  Table 1 ) but does not affect vation pathway is still ambiguous (Hirano et al., 1996 ; the interaction between the two subunits, or between Lee et al., 1997; Liu et al., 1996) . Interestingly, the IKK IKK␣/␤ and NIK Woronicz et al., 1997;  complex contains MEKK1 as one of its tightly associated Table 1 ). Both IKK␣ and IKK␤ contain a consensus MAP subunits, together with another protein involved in the kinase kinase activation loop motif (SxxxS). Interest-MAP cascade, MAP kinase phosphatase-1 (Mercurio et ingly, mutations of this motif appear to affect mainly the al., 1997). However, the functional significance of the activity of IKK␤ (Mercurio et al., 1997;  Table 1 ).
presence of MAP kinase family proteins in the IKK reThese data suggest that IKK␣ and IKK␤ are crucial for mains to be established. Thus, only molecular identifica-IB phosphorylation. However, it is still unclear whether tion of the components of the various complexes will these kinases directly phosphorylate IB. The in vitro precisely establish the relationship between the kinase studies that apparently show that IKK␣ or IKK␤ can activities found to phosphorylate the IB. specifically phosphorylate the key serines in IB have These recent studies elucidate the mechanism of IB used kinases made either by overexpression in mammaphosphorylation by a cytokine-induced kinase complex, lian cells or in vitro translation in reticulocyte lysate.
which is able to phosphorylate the IB at the sites critical Because of the affinity of the kinases for other compofor its degradation, causing the subsequent translocanents of the IKK complex, especially for NIK, the in vitro tion and activation of NF-B. However, it is still unclear analyses may have used IKK␣/␤ complexed to other whether all of the diverse stimuli known to activate NFproteins. It is therefore possible that IKK␣/␤ are not the B also lead to the activation of IKK␣ and IKK␤. Two kinases that directly phosphorylate IB but rather that recent reports suggest that the mitogen-activated ribothey participate in the activation of a kinase that has the somal S6 protein kinase, pp90 rsk , functions as an IB true IB specificity. Identification of the other subunits of kinase (Ghoda et al., 1997; Schouten et al., 1997 ; Figure the IKK complex and reconstitution of the IB phosphor-2). pp90 rsk is activated by phorbol ester, a known inducer ylation pathway in vitro from pure components will reof NF-B, associates in vivo with IB␣, and phosphorysolve this issue.
lates it mainly at S32 both in vivo and in vitro. Moreover, The relationship between the initially described 700 a dominant-negative form of pp90 rsk inhibits IB␣ degrakDa IB kinase complex of Chen et al. (1996) and the dation in response to mitogenic stimuli (Schouten et al., IKK complex characterized by others remains unclear. 1997) . NF-B activation can also be triggered by doubleIn particular, Chen et al. found that ubiquitin and ubiquistranded RNA (dsRNA) , and the double-stranded RNAtination enzymes are necessary for kinase activation; dependent protein kinase (PKR) can phosphorylate IB however, no requirement for a ubiquitination step in the in vitro (Baldwin, 1996) . Furthermore, it was shown that activation of IKK has been described. It is possible that in cells lacking PKR, there is a defect in NF-B activaubiquitination and phosphorylation may constitute altertion in response to interferon and dsRNA (Kumar et native pathways of activation of an IB kinase complex.
al., 1997). However, the phosphorylation sites on IB Thus, the TNF-induced IKK complex may already be actitargeted by PKR and the mechanism of this pathway vated, possibly by phosphorylation, making the ubiquitination dispensable. By altering the manner in which remain to be established. These results suggest that IKK␣/␤ may not be unique integrators of the NF-B response, and that certain stimuli may follow other pathways to IB phosphorylation and NF-B activation. The interesting observation that IKK␣ and IKK␤ differ in their phosphorylation efficiency between IB␣ and IB␤ inhibitory proteins, and possibly even between phosphorylation sites on the same molecule, raises the intriguing possibility that the tight regulation of IB degradation may be achieved by a network of kinases, with different regulation and different preferences for the IB family members.
The identification of the IKK␣ and IKK␤ kinases is a major step forward in the 10 year effort to understand NF-B regulation. However, it is by no means the end of the story-at a minimum, identifying the other constituents of the IKK complex will help illuminate the mechanisms involved in control of NF-B activity. It is likely that a screen for specific IKK inhibitors, led by the pharmaceutical industry, will provide new modulators of inflammatory responses. Such inhibitors could be very valuable as probes for the functions of the individual components of the IKK complex.
